A compact 4 × 4 UWB-MIMO antenna with rejected WLAN band employing an electromagnetic bandgap (EBG) structure is presented in this paper. The MIMO antenna is electrically small (60 mm × 60 mm), printed on a FR4 epoxy substrate with the dielectric constant of 4.4 and a thickness of 1.6 mm. A mushroom-like EBG structure is used to reject the WLAN frequency at 5.5 GHz. In order to reduce the mutual coupling of the antenna elements, a stub structure acting as a bandstop filter is inserted to suppress the effect of the surface current between elements of the proposed antenna. The final design of the MIMO antenna satisfies the return loss requirement of less than −10 dB in a bandwidth ranging from 2.73 GHz to 10.68 GHz, which entirely covers UWB frequency band, which is allocated from 3.1 to 10.6 GHz. The antenna also exhibits a WLAN band-notched performance at the frequency band of 5.36-6.34 GHz while the values of all isolation coefficients are below −15 dB and the correlation coefficient of MIMO antenna is less than −28 dB over the UWB range. A good agreement between simulation and measurement is shown in this context.
Introduction
Recently, a multi-input multi-output (MIMO) system has been proposed [1, 2] . This system increases channel capacity allowing several users to access to various services at the same time. Since the approval by the Federal Communications Commission (FCC) [3] that the ultrawideband (UWB) technology operates from 3.1 to 10.6 GHz, the technology finds itself in a great number of wireless applications. Furthermore, the UWB technology in combination with MIMO techniques has proven to be a solution for the limitation of shortrange communications, which requires devices to transmit extremely low power [4] . In such a system, its antennas are designed to ensure that the isolation among their elements should be less than −15 dB. One solution to this problem is that antenna elements are placed apart from the others by at least half a wavelength of the lowest operating frequency; however, this leads to an increase in dimensions of MIMO antennas. Therefore, antenna dimensions and its isolation coefficients are two major criteria to consider in the MIMO antenna design.
In order to reduce mutual coupling between MIMO antennas while maintaining their small electrical length, different approaches have been introduced in numerous design [4] [5] [6] [7] [8] . In [4] , an inverted Y-shaped stub is inserted into the ground plane between two elements of a UWB-MIMO antenna. Two novel bent slits are etched into the ground plane in [7] . At lower frequencies, the bent slits reduce the mutual coupling and have a slight effect on the reflection coefficient. At higher frequencies, the slits work as slit antennas, widening the impedance bandwidth because the two slits are coupled fed by two 50 Ohm microstrip lines, respectively. Two triangles are cut from the ground plane. In this way, the reflection coefficient and isolation of the two slit antennas can be improved. Moreover, in order to enhance isolation and increase impedance bandwidth, two long protruding ground stubs are added to the ground plane on the other side and a short ground strip is used to connect the ground planes of the two planar monopoles together to form a common ground in [8] .
The majority of those antennas are 2 × 2 MIMO-UWB antenna [4, 7, 8] which has not enhanced so much the quality 2 International Journal of Antennas and Propagation of the communication channels. In addition, some designs were not able to operate in the entire UWB band allocated by the FCC [9] [10] [11] [12] . On the other hand, a four-element MIMO antenna with better isolation by introducing discontinuities between elements and the system ground plane was presented in [5] . The obtained results show isolation lower than 20 dB. However, the system only works over the frequency range of 2.0-6.0 GHz. In this paper, a compact 4 × 4 MIMO-UWB antenna with WLAN-notched characteristic is presented. The proposed antenna shows isolation less than −15 dB over its ultrawide operating frequency band ranging from 2.73 to 10.68 GHz and a rejection at the WLAN band of 5.36-6.04 GHz. The unique feature of this design is that the mutual coupling can be reduced by adjusting the length of MMR stub corresponding to a quarter wavelength of frequency which provides the lowest coupling coefficient. Moreover, the notched band based on EBG structures helps to maintain the same radiation patterns at higher frequency rather than using slots cut on the patches [13] .
The rest part of this paper is organized as follows. In Section 2, detailed designs of the UWB antennas without and with EBGs are presented. The proposed MIMO antenna is then introduced in both cases of initial and final design. The simulated and measured results are shown in Section 3, while some conclusions are provided in Section 4.
Design of 4 × 4 MIMO-UWB Antenna
In this work, the design of the antenna is divided into two parts. In the first part, an antenna is designed for UWB frequencies ranging from 3.1 GHz to 10.6 GHz. Afterwards, this antenna is integrated with the mushroom-like EBG structure to provide WLAN band-notched characteristic. In the second part, the four notched single antennas are utilized as elements to form a 4 × 4 MIMO antenna. Finally, the stub structure is implemented to diminish the mutual coupling of the antennas. The antenna integrated with EBG structures is shown in Figure 1 (b). Here, the microstrip feed line is placed between two pairs of EBG cells, which are designed to act as stopband filters. With the intent of prohibiting WLAN frequency band, a pair of EBG cells is inserted rather than only using one cell. The equivalent-circuit model of WLAN notched based on EBG structures also is shown in Figure 1 (c). The capacitance denotes the coupling between EBG and microstrip line. The capacitance is due to the voltage gradient between the patch and ground plane, while the inductance is generated by the current flowing through the shorting via. Therefore, the center resonant frequency is = 1/2 √ ( + ) and the width of the stopband increases with the rise of or the decrease of the distance between feed line and EBG cells. The dimensions of the EBG cells, the gap between EBG cells and the microstrip line, are optimized to have band rejection from 5 to 6 GHz corresponding to WLAN frequencies. All the dimensions of these antennas are summarized in Table 1 .
Design of 4 × 4 MIMO-UWB Antenna.
In this design, the four UWB antennas with EBG structures are rotated clockwise and placed orthogonally to each other to form the 4 × 4 MIMO antenna which has an overall size of 60 mm × 60 mm. The layout of the MIMO antenna is shown in Figure 2 (a).
With the aim of reducing the mutual coupling in the initial MIMO antenna, a stub structure is adopted to form the final antenna depicted in Figure 2 (b). The design of this structure was based on the principle of the microstrip multimode resonator (MMR) [14, 15] . These stubs are placed between the antennas and connected to each other by a square placed at the center of the MIMO antenna. The mutual coupling between the antennas will be investigated for finding the range of frequency in which the isolation coefficients are not lower than −15 dB. The length of the MMR stub is then set at a value that is approximately equal to a quarter wavelength at the defined frequency.
Results and Discussions
This part will discuss the performance of the proposed antennas through both simulation and measurement results. 3.1. UWB Antenna. The simulated 11 results of the UWB antenna without EBG structure with different values of patch are shown in Figure 3 . It can be seen that the bandwidth of the antenna defined by the 11 less than −10 dB entirely covers the UWB frequency range. The decrease of patch causes the increase of the impedance mismatching at lower frequency range. The optimized bandwidth is obtained when the patch is chosen as 8 mm.
Current distributions of the antenna at certain frequencies are exhibited in Figure 4 . As observed in Figure 4 (a), the current distribution at 4 GHz proves that the antenna operates at its fundamental mode, while the current distribution Figure 5(a) , the antenna possesses a dipole-like radiation pattern confirming its operation in the fundamental resonant mode. The pattern at higher frequency, from Figure 5 (b), corresponds to the harmonics of the fundamental resonant mode which are closely spaced [16] . The simulated peak gain of the antenna is depicted in Figure 6 , in which the higher frequencies provide larger antenna gain. This is a good agreement with the theory.
International Journal of Antennas and Propagation The effect of EBG structures on UWB antenna is shown in Figure 7 . At the center frequency of WLAN band (5.5 GHz), the current distribution on antenna mainly focuses on the EBG structures, and therefore the patch antenna will not radiate resulting in a notched frequency band.
In order to obtain the desired notched band, parametric studies on the dimension of EBG cell ebg and the distance between EBG cells and the feed line are investigated. Figure 8 shows the simulated 11 of antenna for different values of the gap . In Figure 8(a) , the width of the notched band reduced when the value of gap increases, while the simulated 11 of antenna for different values of EBG size ebg is also depicted in Figure 8 (b). It should be noticed in Figure 8 (b) that the frequency of the notched band also reduces with the increasing value of ebg . Therefore, the notched-band tuning requires a combination of both values.
Figures 9(a) and 9(b) show the radiation pattern of the proposed UWB antenna at 4 GHz and 9 GHz, respectively. The radiation patterns at high frequency of the antenna with and without EBGs are of small variation due to the lack of etching or cutting on the surface of the patch antenna. The simulated peak gain versus frequency is shown in Figure 10 . It reveals a significant drop in the peak gain within the rejected bands when the antenna employs the EBG cells. A relatively stable peak gain remains over the UWB bandwidth except a 5 dB gain drop in the notched band.
Finally, the fabrication of the proposed antenna is presented in Figure 11 . The simulated and measured results of 11 of the UWB antenna with EBG cells are shown in Figure 12 . From this figure, it is observed that the antenna can operate over the range spreading from 2.98 GHz to 11.16 GHz and exhibits a good rejection at frequencies of WLAN from 4.71 GHz to 5.83 GHz.
4 × 4 MIMO-UWB Antenna.
The simulated results of reflection coefficients of the initial MIMO antenna are shown in Figure 13 (a). As can be seen from Figure 13 (a), the reflection coefficients of the antenna do not satisfy impedance matching from 4 to 4.5 GHz. On the other hand, the isolation coefficients between the elements of the initial antenna (see Figure 13 (b)) are very low at 6-8 GHz (about −10 dB). This fact is clearly demonstrated by the surface current distribution on the initial antenna in Figure 14 (a). As can be observed from Figure 14 (a), when the first element is excited, the surface current is strongly induced on the opposite element resulting in a rise of the mutual coupling ( 13 and 24 ) . Actually, the mutual coupling can be reduced by increasing the distance between the elements. However, this will lead to the larger size of the proposed MIMO antenna. These drawbacks of the initial MIMO antenna can be solved thanks to the use of stub structure in the final MIMO design. It can be seen from Figure 13 (b) that the mutual coupling has a high value at about 6.7 GHz. Therefore, the length of the stub structure is selected as 12 mm, approximately a quarter wavelength at 6.7 GHz. The configuration of this stub is designed based on the principle of MMR structure. Actually, the stub structure acts as a bandstop filter which produced a stopband from 6.35 to 6.87 GHz. Therefore, the filter will suppress the induced currents caused by the copolarization elements at the center frequency of 6.7 GHz. The bandstop filter model and simulated -parameters of the filter are given in Figures 15(a) and 15(b) , respectively.
In Figure 16 (a), the bandwidth of the final antenna entirely covers the UWB operating band, whereas the 
(1)
5.14 GHz 5.82 GHz notched band appears in WLAN range (from 5.14 to 5.82 GHz). Moreover, in Figure 16 (b), the mutual coupling between the opposite-side elements decreases to below −15 dB. The current distribution of the final antenna at 6.7 GHz is focused on the stub structures shown in Figure 14(b) . Therefore, the effect of the surface current on the copolarization element is reduced. Figures 17 and 18 show the simulated radiation patterns of initial and final MIMO antenna, respectively. From these figures, the radiation patterns of both antennas at lower frequency (4 GHz) are directional, while nearly omnidirectional patterns are observed at higher frequency (9 GHz). The simulated peak gain of final MIMO antenna is presented in Figure 19 . The stable gain is maintained over the UWB range range, respectively. It should be noted that the measured results are in a good agreement with the simulated results.
MIMO Characteristics.
It is required that MIMO antennas must be characterized for their diversity performance. In a diversity system, the signals are usually correlated due to the distance between the antenna elements [4] . The parameter used to assess the correlation between radiation patterns is the envelope correlation coefficient. It is required to minimize the correlation because the relationship of the correlation with diversity gain is that the lower is the correlation, the higher will be the diversity gain and vice versa. Normally, the value of the envelope correlation at a certain frequency is small in case that the radiation patterns of one antenna are different from each other. Otherwise, the same patterns of these antennas exhibit the larger value of the envelope correlation.
The correlation coefficient can be calculated from radiation patterns or scattering parameters. Assuming uniform multipath environment, the envelope correlation ( ), simple square of the correlation coefficient ( ), can be calculated conveniently and quickly from -parameters [17] as follows:
Equation (1) depicts the envelope correlation between the antennas and in the ( , ) MIMO system. In case of = 1, = 2, and = 4, the envelope correlation of proposed MIMO antenna can be defined as follows: 
The simulated envelope correlation coefficient is shown in Figure 22 . From this figure, the proposed MIMO antenna has a minimum correlation coefficient of −56 dB and less than −28 dB over the UWB frequency range. It should be noticed that a very low value of correlation coefficient results in ensured high diversity gain. Therefore, the presented correlation coefficient is suitable for mobile communication with a minimum acceptable correlation coefficient of 0.5 [18] . The simulated result of group delay of the proposed MIMO antenna is shown in Figure 23 . It can be seen that a distortion (≥1 ns) occurred at 5.5 GHz while the other part of operating band keeps relatively flat. The variation of group delay is found to be less than 1 ns showing good phase linearity and thus it fulfills the requirement for UWB operations.
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Conclusions
The compact 4 × 4 MIMO-UWB antenna is designed to operate in ultrawide frequency range with rejected band at WLAN frequency based on EBG structures. The stub structures acting as bandstop filter are inserted to suppress the effect of surface current on the elements of the proposed antenna for reducing the mutual coupling. The fabricated MIMO antenna shows isolation less than −15 dB over its ultrawide operating frequency band spreading from 2.73-10.68 GHz and rejection at the WLAN band of 5.36-6.04 GHz. The proposed MIMO antenna has also a minimum correlation coefficient of −56 dB and less than −28 dB over the UWB frequency range, making it a good candidate for UWB-MIMO applications.
